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bstract

The existence of myogenic satellite cells was reported some 47 years ago, and, since that time, satellite cell research has flourished.
o much new information is generated (daily) on these cells that it can be difficult for individuals to keep abreast of important

ssues related to their activation and proliferation, the modulation of the activity of other cell types, the differentiation of the cells

o facilitate normal skeletal muscle growth and development, or to the repair of damaged myofibers. The intent of this review is to
ummarize new information about the extrinsic regulation of myogenic satellite cells and to provide specific mechanisms involved in
ltering satellite cell physiology. Where possible, examples from agriculturally important animals are used for illustrative purposes.
ublished by Elsevier Inc.
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1. Introduction

Myogenic satellite cells remain mysterious [1].
Residing alone in postnatal skeletal muscle [2,3], it may
rest in an inactive state for some duration [4]. When
signaled to activate [5–7], a satellite cell may leave its
dormant state and become a myogenic progenitor cell-
producing dynamo, with resultant daughter myocytes
functioning to add myonuclei to growing skeletal mus-
cle myofibers, or forming new myofibers in the place
of damaged muscle cells [2–4,8–10]. Other functions of
the satellite cell have been proposed [3] and, consider-
ing that more than one type of satellite cell may exist
in skeletal muscle [11] or that some satellite cells may
actually be derived from other tissues/cells [1,8,10], it is
important to periodically assess the state of the rapidly
evolving field of satellite cell biology as it pertains to
domestic animals. As such, the focus of this review is
to update our previous review [12] and provide new
information about the extrinsic regulation of domestic
animal-derived myogenic satellite cells.

2. Satellite cell in vitro versus in vivo

Numerous papers (primarily using rodent-derived
satellite cells) have been published since 1996 involving
the animal (or animal treatment) as a major experimen-
tal unit and satellite cell activity as a measure of in vivo
action. The implantation of animals with anabolic agents
and the subsequent effect on satellite cells was a com-
mon protocol [13,14], as was comparing high growth
to slow growth animals. In these studies satellite cell
number and activity in vitro was the measure of in vivo
physiology. Other studies were published that focused on
specific mechanisms involved in satellite cell prolifera-
tion and/or differentiation, as modulated by regulatory
agents (numerous references within this review).

A little over 10 years ago, a main goal of satellite
cell research was to develop species-specific satellite cell

cultures [12,15,16]. Another goal was to generate cell
cultures (regardless of species used for muscle tissue pro-
curement) that possessed few contaminating cells such
as fibroblasts, which co-isolated with satellite cells dur-
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

ing cell isolation regimens. Because these contaminating
cells potentially could overrun cultures and provide
biased measures of cell activity in vitro, diligence was
needed to insure that culture systems were controlled
and interpretable. Similar to research conducted in the
late 1990s, present day satellite cell researchers also
worry about cell contamination. However, the cell type
that is of concern (today) is a population of undefined
cells, which are reminiscent of mesodermal stem cells
and are not satellite cells. This new population of cells
shows promise for use in numerous biotechnologies,
including generalized tissue engineering, cellular car-
diomyoplasty, and myoblast transfer therapy. Separating
the influence of postnatal myogenic satellite cells and the
new stem cell population will consume time and energy
for some time to come.

Primary, clonal, and isolated myofiber cultures have
all been used to address aspects of satellite cell phys-
iology/regulation [17–19]. There are both critics and
proponents of the use of these in vitro systems. In all
circumstances, the extrapolation of in vitro data back to
the whole animal is limited. Alternatively, the use of in
vitro systems for determining the developmental biology
of satellite cells has resulted in considerable, and useful,
data. Most of our information presented in our previous
review in 1996 dealt with external regulation on myo-
genic satellite cell activity [12]. The main focus of this
review is to inform the reader about new knowledge that
has surfaced since our last review.

3. Satellite cells and their microenvironment:
proteoglycan regulation of satellite cell
proliferation and differentiation

The activation, proliferation, and differentiation of
muscle cells including the satellite cells are largely
regulated in part by their interaction with the extra-
cellular matrix (ECM) environment surrounding the
muscle cells. The ECM consists of fibrous proteins

(e.g., collagens) embedded in a mixture of nonfibrous
macromolecules and proteoglycans. Proteoglycans, by
definition, contain a core protein with at least one cova-
lently attached glycosaminoglycan (GAG) carbohydrate
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hain [20]. Glycosaminoglycans attached to the core
rotein include heparan sulfate (HS), chondroitin sul-
ate, dermatan sulfate, and keratan sulfate. Proteoglycan
unction is now known to depend on the core protein
tructure, the attached GAG chains, and the conforma-
ion of the molecule—not just the attached GAG chains
s was traditionally thought [21].

The ECM modulates the activation of signal trans-
uction pathways critical to tissue differentiation. The
ynamic nature of the ECM is important to this role in
hat the composition of the matrix changes as the tissue
ges and is cell type specific. This remodeling of the
CM has profound effects on the function of the ECM
s well as cellular responses to ECM-mediated signal
ransduction pathways. The proteoglycan component of
he ECM participates in a variety of biological processes
ssential for muscle growth and development including
ell migration, cell adhesion, and growth factor regula-
ion [22]. Osses and Brandan showed that proteoglycan
ynthesis is required for skeletal muscle differentiation
23].

Heparan sulfate proteoglycans are located at both
he cell surface and in the ECM. Members of the cell
urface HS proteoglycans include the transmembrane
yndecans, betaglycan, CD 44, and the glycosylphos-
hoinositol (GPI)-linked glypicans. The syndecan and
lypican families are involved in the formation of
eceptor-signaling complexes, especially with fibroblast
rowth factor 2 (FGF2). Fibroblast growth factor 2 is a
otent effector of muscle cell proliferation and a strong
nhibitor of differentiation. The molecular mechanisms
egulating FGF2 signal transduction can have a signifi-
ant impact on muscle development and growth.

The syndecans are type I transmembrane HS proteo-
lycans that may also have attached chondroitin sulfate
hains. There are four members of the syndecan fam-
ly, 1–4; all have been found in skeletal muscle. The
yndecans all have an N-terminal signal peptide, an
xtracellular domain that contains attachment sites for
he glycosaminoglycans, a transmembrane domain, and
cytoplasmic domain. The transmembrane and cytoplas-
ic domains are conserved across species and within the

yndecans [24].
The HS chains attached to the syndecan core pro-

ein extracellular domain bind to FGF2. The binding
f FGF2 to the HS chains leads to a dimerization of
GF2 permitting high-affinity binding to its tyrosine
inase receptor. This is then followed by the activa-

ion of intracellular tyrosine kinase signaling pathways,
hich include the mitogen-activated protein (MAP)
inase pathway, protein kinase C � (PKC�) pathway,
nd phosphoinositide-3 (PI3) pathway [25]. Modifica-
docrinology 36 (2009) 111–126 113

tions in the structure of the HS chains or degradation of
these GAG chains will likely lead to changes in growth
factor signal transduction.

In addition to the HS chains regulating the bio-
logical activity of the syndecans, the syndecan core
protein plays a role in syndecan function. Cell adhe-
sion, migration, and cytoskeletal signaling are some of
the processes dependent on the core protein. Although
the syndecans share structural similarities, each of the
syndecans has unique functional attributes and tis-
sue expression patterns. For example, the cytoplasmic
domain of syndecan-4 has been shown to play an inte-
gral role in focal adhesion formation [26,27] and the
activation of the PKC � pathway [25]. With the acti-
vation of the PKC � pathway, PKC � is translocated to
the cell membrane and stimulates the expression of focal
adhesion kinase [27] and the anti-apoptotic gene Bcl-2
[28].

The glypicans, unlike the syndecans, are not trans-
membrane HS proteoglycans, but are attached to the cell
surface through a GPI lipid anchor. There have been
six vertebrate glypicans identified: glypican-1 through
-6 whose structure is conserved among the different
forms. The glypicans contain an N-terminus signal
sequence followed by a globular domain containing mul-
tiple cysteine residues, a GAG attachment domain, and
a C-terminus that results in the formation of the GPI
anchor to the cell surface. To date, only HS GAG chains
have been reported to be attached to the glypican core
protein. Similar to the syndecans, the glypicans bind lig-
ands to their GAG chains, including FGF2 that permit a
high-affinity interaction with their receptors, activating
cell signaling pathways. Unlike the syndecans, which
have cytoplasmic domains to function in the activation
of signaling pathways, glypican-mediated activation of
signaling pathways must be indirect and involve other
transmembrane molecules since glypican does not have
a transmembrane domain.

Another fashion in which glypican may regulate
the activity of attached ligands is through its shed-
ding from the cell membrane into the ECM, which
has been hypothesized to be an important function of
glypican-1 during skeletal muscle development [29].
Glypican-1 expression increases during the differenti-
ation of skeletal muscle cells including satellite cells
[30–32]. Brandan et al. [32] demonstrated that the
increase in glypican-1 expression during differentiation
coincides with increased glypican-1 shedding into the

ECM. Since FGF2 is a potent inhibitor of differentiation,
it is thought that the shedding of glypican-1 removes
FGF2 from the cell surface and inhibits binding to its
receptor [32]. The overexpression of glypican-1 in turkey
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satellite cells increased the size of the myotubes formed
in vitro after differentiation was induced, which may be
the result of glypican-1 sequestering FGF2 [24]. Fur-
ther research is needed to address the role of glypican-1
shedding in the regulation of FGF2 signal transduction.

Decorin is a dermatan sulfate proteoglycan belonging
to the small leucine-rich proteoglycan family [33,34].
It is widely expressed in various tissues including
skeletal muscle [35]. The decorin core protein has
10–14 leucine–rich repeats at its central domain and a
negatively charged dermatan/chondroitin sulfate chain.
Decorin is a key proteoglycan in regulating both extra-
cellular matrix properties and cellular growth.

Decorin functions as a key modulator in the assem-
bly and maintenance of the ECM in tissues by binding to
fibrillar collagens by its core protein [36]. Targeted inac-
tivation of the decorin gene results in abnormal collagen
fibril morphology and fragile skin [37]. Rühland et al.
demonstrated that the decorin chondroitin/dermatan sul-
fate GAG chain influences early collagen fibrillogenesis
by reducing the fibrillar diameter of collagen [38]. Thus,
decorin functions in the maturation of collagen fibrils
into larger fibrils and fiber networks. In skeletal muscle
function, this is an important consideration in regulating
the elasticity and tensile strength of muscle tissue.

Muscle cell growth properties are also regulated by
decorin-mediated modulation of the activity of sev-
eral growth factors. For example, transforming growth
factor-�1 (TGF-�1) is a strong inhibitor of both myoblast
proliferation and differentiation [39]. Decorin inter-
acts with TGF-�1 and modulates TGF-�-dependent cell
growth stimulation or inhibition [40]. In both the mouse
dystrophic model [41] and human Duchenne muscular
dystrophy [42], the expression of both decorin and TGF-
�1 is up-regulated. In vitro, decorin-null myoblasts not
expressing decorin show a decrease in their responsive-
ness to TGF-�1 [43]. This indicates that the expression of
decorin may mediate the ability of myoblasts to respond
to TGF-�1 signaling, thus regulating cell proliferation
and differentiation. Decorin’s regulation of TGF-�1 sig-
naling in non-differentiated myoblasts is through the
lipoprotein-receptor related protein [44]. Myostatin, a
TGF-�1 family member, is a strong inhibitor of muscle
growth (discussed below). Myostatin has been shown
to play a significant role in modulating muscle mass
with the suppression of myostatin resulting in the double
muscling phenotype seen in Piedmontese and Belgian
Blue cattle [45]. Decorin regulates myostatin function

by directly interacting with myostatin to suppress myo-
statin’s inhibitory effects on muscle cell proliferation and
differentiation [46]. Furthermore, the overexpression of
decorin by gene transfer decreases myostatin expres-
docrinology 36 (2009) 111–126

sion at both the mRNA and protein levels and promotes
muscle cell differentiation and regeneration [47].

Current research has directly demonstrated that pro-
teoglycans are associated with the transmission of
growth factor signaling and that the proliferation and dif-
ferentiation of satellite cells are greatly impacted by the
presence of proteoglycans. However, much still needs to
be learned about the growth factor regulation of pro-
teoglycans. For example, many of the proteoglycans
are structurally similar but their functions and expres-
sion are completely unique. Elucidating the mechanisms
responsible for controlling the specificity of each of these
proteoglycans is a critical area for future research.

4. Extrinsic regulation of satellite cells by growth
factors/inhibitors

The contribution of the satellite cell in maintaining,
repairing, and regulating muscle mass is dependent upon
the ability of the satellite cell to respond to a variety of
extrinsic signals [6,18,19,48]. In the sections that fol-
low, this review will highlight the extrinsic factors, such
as growth factors, generating a high level of research
interest—although it should be noted that investigating
the impact of numerous other factors on satellite cell
biology is currently under way.

4.1. Insulin-like growth factors

The IGF system contains two ligands named insulin-
like growth factor (IGF)-I and -II [49,50]. Both growth
factors play important roles in the regulation of satellite
cell activity (reviewed in [12]) [6,18,19], and unlike most
growth factors, IGF-I has the ability to stimulate both
satellite cell proliferation and differentiation depending
on the developmental stage of the myoblast [51–53]. In
contrast to the dual roles of IGF-I, IGF-II is thought to
be involved solely with satellite cell differentiation. For
example, when satellite cells are induced to differenti-
ate by culturing in the presence of low serum-containing
medium, IGF-II expression is activated and secretion of
IGF-II increases significantly just prior to myoblast dif-
ferentiation [54]. In fact, introduction of either IGF-I
or IGF-II antisense oligonucleotides to cultured media
results in partial reduction of differentiated cells [54,55].
Consistent with these findings, pigs carrying a muta-
tion in the IGF-II gene exhibit a three-fold elevation
skeletal muscle IGF-II gene expression, which results

in significantly greater skeletal muscle mass than their
wild-type counterparts [56]. Activated satellite cells also
initiate expression of members of the IGF family (e.g.
insulin-like growth factor binding proteins [IGFBPs])
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nd expression of a muscle-specific isoform of IGF-I,
ermed mechano-growth factor has also been described
s an early event in satellite cell activation [57]. Expres-
ion of IGFBP-3 and -5 by bovine satellite cells and
heir involvement in myogenic cell activity has also been
eported [58].

Activation of the IGF-I receptor (a receptor tyrosine
inase) on satellite cells initiates intracellular signal-
ng cascades involving both mitogenic and myogenic
esponses, and the expression of myogenic regulatory
actors is induced [59,60]. The working model of IGF-I
ction (either IGF-I or -II) involves numerous multi-step
ignal transduction cascades and has been described in
ecent reviews. IGF-I acts through both the PI3K/AKT as
ell as the Ras/Raf intracellular signaling pathways [61].

nterestingly, it has been shown that the PI3K activation
s necessary for myoblast differentiation and acts through
70 S6 kinase [62,63]. Similarly, IGF-I dependent pro-
iferation of porcine satellite cells appears to involve the

ammalian target of the rapamycin (mTOR) pathway
64]. In contrast the Ras-Raf pathway leads to signal-
ng of extracellular response kinases (ERK), which have
een shown to be involved in proliferation [60,65]. There
s increasing evidence of an interaction between IGF-I
ignaling and calcineurin that may act to co-coordinate
yogenic differentiation in satellite cells [59,66]. While
any of these details remain in question, IGF undoubt-

dly plays an important role in the regulation of satellite
ells and skeletal muscle tissue as a whole.

.2. Myostatin

Transforming growth factor-� (TGF-�) is a well-
stablished negative regulator of satellite cell prolif-
ration and differentiation in domestic animal species
reviewed in [12]). Recently, a new member, myostatin
also known as growth and differentiation factor 8), of
he TGF-� superfamily has been identified as a dra-

atic regulator of skeletal muscle mass. The absence
f functional myostatin, as demonstrated in genetically
eficient mice and the naturally occurring mutant Pied-
ontese and Belgian Blue cattle, leads to a substantial

ncrease in skeletal muscle mass otherwise referred to as
“double muscling” phenotype [45,67,68]. On a cellu-

ar basis, hyperplasia-related events (increases in muscle
ber number and DNA content) more so than hyper-

rophic events contribute to the greater skeletal muscle

ccretion in myostatin-deficient animals [67]. Numerous
tudies demonstrate that myostatin exerts its effects, at
east in part, through the negative regulation of satellite
ell activation, proliferation, and differentiation [69–73].
docrinology 36 (2009) 111–126 115

Similar to other TGF-� family members, myostatin
initiates intracellular signaling cascades by binding to
a type II serine/threonine kinase receptor, exhibiting a
preference for ActRIIB [74]. Interaction with the appro-
priate type II receptor leads to the recruitment and
phosphorylation of the type I receptor, either the ALK4
or ALK5 (T�RI) [74,75]. Following receptor activation,
the myostatin signal is transmitted via the phosphory-
lation and activation of the receptor-regulated Smads
(R-Smads), Smad2 and Smad3 [74,76,77]. Upon phos-
phorylation, the Smad2/3 complex forms a heterotrimer
with Smad4, a co-mediator Smad (Co-Smad), followed
by the translocation of this complex to the nucleus lead-
ing to transcriptional activation of TGF-� specific genes
[77]. Termination of the myostatin intracellular signaling
cascade occurs through a negative feedback mechanism
involving Smad7, an inhibitory Smad (I-Smad). Smad7
interferes with formation of the Smad2/3 and Smad4
complexes via competition for activation by type I recep-
tors [78]. Based on the dramatic influence of myostatin
on skeletal muscle mass, it is likely that further charac-
terization of the myostatin system has potential for use
in developing therapeutic strategies to enhance muscle
growth in meat animals and to combat muscle wasting
disorders [79,80].

4.3. Fibroblast growth factor

Since the discovery of the first fibroblast growth fac-
tor (FGF) as a mitogen in cultured NIH3T3 fibroblasts
[81], at least 23 structurally related signaling molecules
(FGF1 through FGF23) have been identified belong-
ing to this expanding growth factor family. Numerous
FGFs are found in cultured proliferating and differenti-
ated skeletal muscle cells as well as in skeletal muscle
tissue [82–84].

FGFs are key players in regulating a variety of bio-
logical activities such as cell growth, survival, differen-
tiation and migration. Most FGFs in skeletal muscle are
involved in regulating myogenic cell proliferation and
differentiation. For example, exogenously added FGF1,
2, 4, 6, and 9 in rat satellite cell culture display a sig-
nificant mitogenic effect and stimulate cell proliferation
above control level [85]. In turkey embryonic myoblasts
and satellite cells, FGF2 is required for cell prolifer-
ation to occur in vitro [86]. Inhibition of endogenous
FGF1 synthesis by expressing antisense FGF1 mRNA
in a murine myogenic cell line triggers myogenic differ-

entiation [87]. FGF6 (−/−) mutant mice show a severe
muscle regeneration defect with fibrosis and myotube
degeneration and reduced expression of muscle-specific
regulatory factors MyoD and myogenin [88].
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FGF signaling is mediated through a family of
four transmembrane tyrosine kinase receptors known
as FGFR1, FGFR2, FGFR3, and FGFR4, which
share similarity in basic structure with specificity on
their extracellular ligand-binding domain. FGFR1 and
FGFR4 are the most prominent receptors expressed in
rat satellite cells in vitro, whereas FGFR2 is expressed
at a low level and no FGFR3 is detected [88]. The
availability of FGF receptor directly regulates FGF sig-
naling that affects skeletal muscle myogenesis. Stable
overexpression of a full-length FGFR1 increases cell
proliferation and delays differentiation in a murine skele-
tal myoblast cell line. In contrast, overexpression of
a truncated FGFR1 significantly blocks the functional
FGF signaling and results in decreasing cell prolifer-
ation and enhanced differentiation [89]. Except for the
high-affinity FGF receptors, the existence of heparin sul-
fate (HS) as low-affinity FGF receptors has been well
accepted. It is believed that HS interacts with both FGF
and FGF receptor to promote FGF-FGFR dimerization
and is required for FGF signaling [90].

FGF-binding leads to tyrosine phosphorylation of
FGFR and a downstream cascade. Fedorov et al. reported
that the expression of oncogenic RAS in skeletal muscle
cells induces proliferation and represses terminal dif-
ferentiation in the absence of exogenous FGFs [91].
Inhibition of mitogen-activated protein kinase kinase
(MAPKK) activity completely blocks the FGF2 signal
cascade-induced inhibition of skeletal muscle cell dif-
ferentiation in vitro [92]. A recent study by McFarland
and Pesall also demonstrated that turkey satellite cells
administered FGF2 have increased phospho-mitogen-
activated protein kinase (phospho-MAPK) levels, and
the variation of phospho-MAPK contributes to the vari-
ation of responsiveness to FGF2 stimuli among satellite
cell populations [93]. Taken together, although there are
various signaling pathways downstream from the acti-
vated FGFR, evidence indicates that the activation of
the Ras/MAP kinase signaling pathway seems to play
a central role in muscle cell responsiveness to FGF in
regulating cell proliferation and differentiation.

4.4. Hepatocyte growth factor

Hepatocyte growth factor (HGF), also known as scat-
ter factor, is synthesized as an inactive pro-HGF and
proteolytically cleaved into an active, disulfide-linked
�-� heterodimer (approximately 90 kDa). Originally

identified in liver as a mitogenic factor that stimulates
hepatocyte proliferation, HGF is involved in develop-
ment, homeostasis, and regeneration of a variety of
tissues, including skeletal muscle [94]. Among various
docrinology 36 (2009) 111–126

growth factors that play a role in different stages of myo-
genesis, HGF is the only one that is reported to activate
quiescent skeletal muscle satellite cells and drive them
into a cell cycle earlier in vitro as well as in vivo [95,96].
However, the mechanism involving the HGF activation
effect is poorly understood.

HGF is present in an extracellular matrix of the skele-
tal muscle in active dimer form [97] and co-localizes
with its specific receptor c-met in activated satellite
cells shortly after muscle injury [95]. Using a hindlimb
suspension model, Tatsumi et al. [97] demonstrated
that HGF is released in a nitric oxide (NO)-dependent
manner since the liberation process is blocked by nitro-
l-arginine methyl ester (L-NAME), an inhibitor of NO
synthase. Evidence indicated that NO is involved in the
activation of matrix metalloproteinase-2 (MMP2) which
in turn mediates HGF release from the matrix [98]. Apart
from activating quiescent satellite cells, HGF exhibits
a mitogenic affect on chicken and turkey satellite cells
by increasing satellite cell DNA synthesis in a dose-
dependent manner [99,100]. HGF is also an inhibitor of
satellite cell differentiation, by suppressing the activity
of basic helix-loop-helix (bHLH)/E-protein complexes,
thus inhibiting the transactivation of myogenic regula-
tory factors such as MyoD and myogenin and subsequent
muscle-specific protein expression [100]. Further stud-
ies have shown that HGF inhibits cell differentiation
by coordinately increasing the expression of Twist,
an inhibitor of the bHLH transcription factors, while
decreasing cyclin-dependent kinase inhibitor p27kip1

level [101]. In addition, HGF is reported to have a
dose-response mitogenic effect on skeletal muscle satel-
lite cells [102]. HGF-induced cell migration can be
strongly increased with exogenous dermatan sulfate
(DS) and completely abolished by removing cell sur-
face chondroitin sulfate/DS glycosaminoglycan chains
[103].

Although HGF is reported to act in a paracrine mode
in mesenchymal cells, an autocrine loop is also described
in C2C12 mouse myoblasts and rat primary satellite cells
[104,105]. As c-met is the only known receptor for HGF,
the dual effect of HGF in regulating skeletal muscle
satellite cell proliferation and differentiation seems to
be the result of activation of different signal transduc-
tion pathways downstream from this receptor. Binding
of intracellular mediator protein Grb2 to the phosphory-
lated tyrosine residues on activated c-met receptors leads
to the activation of the Ras-Raf1-MAPK cascade which

is essential for cell proliferation [106,107]. In contrast,
the coupling of activated c-met receptor with phospho-
inositide 3-kinase (PI3K) decreases cell proliferation and
results in the activation of the PI3K/AKT pathway that
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lays an important role in muscle cell differentiation
108].

. Steroid hormones

It has long been known that steroids, both androgens
nd estrogens, influence skeletal muscle and whole body
rowth, even during the prenatal period. In fact, testos-
erone is one of the major steroids found in the blood
f fetal mammals (for review: [109]). The elevated in
tero testosterone level of males is believed to be associ-
ted with greater postnatal strength of this sex [110],
nd it is widely recognized that testosterone admin-
stration enhances muscle strength in athletes [111].
lthough there appears to be considerable individual
ariation in response, some studies have shown an
ncrease in strength and muscle cross-sectional area of
ost-menopausal women receiving estrogen/progestin
ormone replacement therapy [112,113]. However, an
nderstanding of the mechanisms whereby steroids exert
ositive effects on skeletal muscle is only recently
ecoming clearer.

Morphological and histological observations of labo-
atory animals, meat animals, and humans have pointed
o the myogenic satellite cells as principal players behind
he mechanism of action of steroids in muscle. Much
f the early work focused on the levator ani mus-
le, a pelvic floor muscle that is particularly sensitive
o androgens. Prenatal testosterone levels are respon-
ible for the observed differences in fiber numbers in
he male and female levator ani muscle [114]. Joubert
nd Tobin injected adult female rats with testosterone
nd examined the effects on this muscle [115]. The
esults showed that testosterone greatly increased mus-
le fiber hypertrophy but had no effect on muscle fiber
umbers postnatally. These observations were accom-
anied by increased satellite cell proliferation during
he first through third days following administration and
ncreased satellite cell fusion on days 2 and 3. During
uberty of male animals, these same changes occurred
116]. Radiotracer studies demonstrated that only 30%
f the satellite cells responded to testosterone treat-
ent under several injection protocols utilized [117]. De-

ervation of the skeletal muscle results in activation of
uiescent satellite cells. In castrated males, the activation
f satellite cells in the Levator ani muscle fails to occur,
uggesting that testosterone is involved in the mediation
f satellite cell activation [118].
Further in vivo evidence using elderly men led to
connection between testosterone and the insulin-like

rowth factor (IGF) system [119]. Elderly men normally
emonstrate a decrease in serum testosterone levels
docrinology 36 (2009) 111–126 117

accompanied by decreased musculature. Testosterone
was administered to elderly men having low testosterone
levels to produce serum levels similar to that seen in
young men. In addition to increased measured muscu-
lar strength, RNA protection assays done with skeletal
muscle tissue samples showed elevated IGF-I mRNA and
decreased IGF binding protein (BP)-4 levels compared
with untreated controls. Testosterone administration to
elderly men also increased muscle fiber cross-sectional
area and satellite cell numbers and activation state [120].
Administration of testosterone to healthy young men was
shown to increase satellite cell and mitochondrial area
and decrease the nuclear-to-cytoplasmic ratio [121]. The
latter is an indication of greater satellite cell activation.

The infusion of nandrolone, a potent anabolic steroid,
caused increased IGF-I mRNA, reduced IGF bind-
ing protein-4, and increased IGF BP-3 levels in the
diaphragm muscles of rats [122]. Additionally, there was
increased cross-sectional area of type II muscle fibers.

Many of the early studies examining estrogen effects
on skeletal muscle centered on its action follow-
ing exercise-induced damage. Bär et al. showed that
ovariectomized rats exhibited exercised-induced muscle
damage similar to males [123]. However, damage was
prevented when estradiol was administered just prior
to exercise. Additionally, males administered estradiol
also did not exhibit exercise-induced muscle damage.
More recent experiments [124] demonstrated that exer-
cised male rats administered estrogen exhibited greater
satellite cell numbers in soleus and white vastus mus-
cle samples 72 h following a down hill exercise program
compared to controls. Enns and Tiidus, using immuno-
histochemical analysis, showed that there were greater
numbers of total, activated and proliferating satellite
cells in estrogen-supplemented animals [125]. These
results provide evidence that estrogen may influence
post-exercise muscle damage by activating satellite
cells. Further research [126] supports an additional
role of estrogen in muscle physiology. These inves-
tigators demonstrated that estrogen administration to
rats undergoing muscle immobilization showed signifi-
cantly decreased muscle atrophy. It was demonstrated
that levels of the calcium-activated protease, calpain,
was significantly decreased with estrogen treatment and
likely participated in the diminished loss of musculature.

In vitro studies using isolated satellite cells have
further expanded our knowledge of the involvement
of steroids in skeletal muscle growth and physiology.

Androgen receptors were identified in porcine skeletal
muscles by Doumit et al. [127]. Testosterone admin-
istration increased receptor abundance both in satellite
cells and myotubes, decreased differentiation, but had no
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effect on proliferation. Histochemical analysis identified
the presence of androgen receptors in many cell types
within skeletal muscle, but predominant expression was
localized within satellite cells [128]. Kalbe et al. iden-
tified the presence of estrogen receptor-alpha within the
nuclei of porcine satellite cells, and estrogen receptor
beta was localized within the cytoplasm only [129].

Thompson et al. examined the effect of trenbolone,
a testosterone analog long used as a growth promotant
in cattle, on satellite cell activity [130]. The addition of
trenbolone to cell culture media failed to augment cell
proliferation in cultures administered fibroblast growth
factor (FGF) or IGF. However, satellite cells derived
from trenbolone-treated rats were more responsive to
FGF and IGF versus cells from non-treated control
animals. Additionally, serum from trenbolone-treated
animals stimulated greater proliferation rates than serum
from non-treated controls. It was therefore proposed that
trenbolone increased the sensitivity of satellite cells to
IGF-I and FGF.

Johnson et al. examined the effect of the cattle
implant Revalor®-S, which consists of a combination
of trenbolone and estradiol, on bovine satellite cell
physiology [13]. This implant increases average daily
gain and improves feed efficiency of steers. Implan-
tation of steers elevated serum IGF-I levels, whereas
IGF-I levels in non-implanted animals either decreased
or remained level. Cultures of satellite cells derived
from implanted animals exhibited greater fusion per-
centages, proliferation rates, and myonuclei numbers
compared to cultures isolated from control cattle. These
data suggest that steroids may influence muscle growth
by activation of the satellite cell population. Later work
examined the effects of estradiol and trenbolone inde-
pendently on satellite cells derived from steers [131].
The IGF-I mRNA content of satellite cells increased in
cultures of satellite cells administered either estradiol
or trenbolone alone. Estradiol also increased satel-
lite cell mRNA levels for the estradiol receptor-alpha,
and trenbolone administration increased the expres-
sion of the androgen receptor. In myotube cultures,
estradiol increased IGF-I expression 2.5-fold versus con-
trol myotube cultures. Using serum-containing media
stripped of IGF BP-3, both estradiol and trenbolone
increased 3H-thymidine incorporation into DNA. How-
ever, a more recent report from these investigators [14]
indicated that bovine satellite cells administered IGF
BP-3 stripped media containing estradiol or trenbolone

did not show increased IGF-I mRNA expression. Uti-
lizing specific inhibitors of estrogen, androgen, and the
type I IGF receptor, it was confirmed that IGF-I is,
indeed, involved in the mechanism of steroid-induced
docrinology 36 (2009) 111–126

proliferation of satellite cells even when IGF-I mRNA
gene expression is unchanged. Further examination of
this phenomenon using a G-protein-coupled receptor
(GPR)-30 agonist (G1), an estradiol-BSA conjugate
and receptor inhibitors determined that estradiol stimu-
lates IGF-I mRNA expression and satellite proliferation
via two different mechanisms [132]. Data obtained in
these studies indicate that estradiol stimulates prolif-
eration through the classical estrogen receptor while
it stimulates IGF-I mRNA expression through binding
to GPR-30 [132]. Considerable knowledge has been
gained on the mechanism of action of steroids on satel-
lite cell physiology since the previous review [12]. With
the advent of new methodologies and approaches, the
role of steroids in muscle growth will become even
clearer.

6. Muscle-specific transcription factors (MRF)
and expression of Pax proteins

Such extrinsic signals impact satellite cell behavior,
in part, by altering myogenic regulatory factors includ-
ing the muscle-specific transcription factors (MRFs) as
well as a set of transcription factors called paired box
proteins 3 and 7 (Pax3 and Pax7). The MRFs include
myogenic determination factor 1 (MyoD), myogenic fac-
tor 5 (Myf5) and myogenin (also named myogenic factor
4), which have all been shown to be necessary for muscle
formation and for the presence of myogenic cells in adult
skeletal muscle [133]. In contrast to the MRFs, whose
expression is restricted to myogenic cells, Pax3 and Pax7
expression can be found in developing tissues, including
the neuroectoderm and skeletal muscle progenitor cells
[134]. In myogenic lineages, Pax3 and Pax7 lie genet-
ically upstream of Myf5 and MyoD and therefore play
a critical role in the well-orchestrated myogenic genetic
program [135,136].

During quiescence, satellite cells express the tran-
scription factors Pax7, Pax3, and possibly Myf5. Pax7
has widely been recognized as a transcription factor
involved in the expression of survival and anti-apoptotic
factors. Studies utilizing Pax7-null mice indicate that
the loss of Pax7 compromises satellite cell proliferation,
ultimately leading to the loss of satellite cell numbers
[137,138]. Moreover, recent data show that overexpres-
sion of Pax7 in myogenic Pax7-null cells up-regulates
MyoD expression while delaying myogenin expression
[139,140]. Taken together, this suggests that Pax7 is

vital to satellite cell survival and possesses dual roles
of inducing myoblast proliferation while delaying dif-
ferentiation via MyoD regulation [141]. Pax3, a close
relative and paralog of Pax7, is essential for embryonic
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uscle development, but the functional role of Pax3 in
dult muscle is less well understood. Similar to Pax7,
ax3 has been implicated as a participant in satellite cell
rogression and is transiently expressed during activa-
ion [142]. However, high levels of Pax3 expression are
estricted to certain muscle types such as the diaphragm
141,143], and therefore the exact role of Pax3 in adult
keletal muscle maintenance remains largely unknown.
inally, Myf5 is thought to regulate proliferation and
omeostasis [139,144,145]. It is expressed at relatively
igh levels in freshly isolated satellite cells; however
here appears to be a small population of satellite cells
hat remains Myf5 inactive [138,143]. Therefore, it is
ot known if Myf5 is present in quiescent cells, and the
xact role of Myf5 remains in question.

During satellite cell activation, the expression of
ax 7, Pax 3, and Myf 5 is retained, coinciding with

he initiation of a myogenic genetic cascade involving
he expression of the transcription factor, MyoD. Often
hought of as the master myogenic transcription factor
uring satellite cell activation and proliferation [146],
yoD appears to be required for satellite cell differ-

ntiation as well. This notion is supported by studies
ndicating that satellite cells derived from MyoD null

ice are able to transition into the differentiation phase,
ut the process is delayed both in vitro and in vivo
147,148].

The expression of Pax3, Pax7, Myf5, and MyoD con-
inues as satellite cells transition from activation and
nter an active proliferative phase. However, the commit-
ent of satellite cells to a differentiated state is evident by

hifts in the transcriptional profile and is marked by the
p-regulation of myogenin expression. The requirement
f myogenin expression in order to acquire differen-
iation was confirmed using myogenin-null transgenic

ice, where loss of myogenin led to a decrease in muscle
ize presumably by preventing skeletal myoblast contri-
ution to postnatal muscle growth [149]. The expression
f Pax7 is lost during the commitment of myoblasts
o the differentiation phase, facilitated in a myogenin-
ependent manner [140].

. Nutrition and satellite cells

Satellite cells of the normal adult animal are essen-
ially dormant and require an activation signal to enter the
ell cycle, and once an active participant of the cell cycle;
hey are controlled by a variety of hormones, growth

actors, and metabolites. While it would not be expected
hat an oral nutrient would directly stimulate satellite cell
ctivation, there are examples of other orally consumed
ompounds altering satellite cell proliferative and dif-
docrinology 36 (2009) 111–126 119

ferentiative activity [150]. Additionally, other cell types
are known to respond to nutritional compounds [151].
Therefore, it is reasonable to surmise that satellite cells
might be affected by a circulating nutritional compo-
nent.

Several papers have been published describing exper-
iments that may elucidate compounds that might exert
a positive influence on satellite cell proliferation or
differentiation [152–155]. The compounds tested were
of diverse types, including agents that might directly
regulate satellite cells (e.g., DHEA), serve as energy-
sparing alternatives (e.g., chromium picolinate), act as
metabolic intermediates (e.g., creatine), or facilitate the
activity of other regulatory compounds (e.g., ferulic acid)
[152,153]. One compound, creatine monohydrate, when
given orally, was demonstrated to increase rat satellite
cell mitotic activity with an increased functional load to
the muscle [155]. In vitro experiments using Callipyge
sheep satellite cells and the direct application of creatine
monohydrate to the cell culture medium demonstrated a
small, but significant, increase in differentiation and the
formation of myotubes [154]. Several subsequent exper-
iments with over 50 different compounds on Callipyge
sheep satellite cells did not yield any nutrient compo-
nent that directly influenced satellite cell proliferation or
differentiation.

One possible explanation for the difference in the
response of satellite cells in vivo compared to in vitro is
potential processing of the nutrient by the body. Adding
compounds directly to the cell culture assumes that the
compound can bind to a receptor, be seen by the satel-
lite cell as active, or cross the plasma membrane and
act intracellularly. Nutrients taken orally are taken in
by enterocytes and altered or allowed into circulation
where other cells (such as hepatocytes) may metabolize
the compound into a useful metabolite—one that may
alter satellite cell activity.

8. Satellite cells and other cell phenotypes

Satellite cells in adult mouse skeletal muscle are
multipotential stem cells that can display osteoblast,
adipocyte and myotube differentiation [156,157]. Fur-
thermore, myoblasts are able to convert into other mes-
enchymal lineages including adipocytes and osteoblasts
[158,159]. Conversion or differentiation of one pheno-
type to the other can represent transdifferentiation, which
is an irreversible switch of a differentiated satellite cell or

myoblast to another type of differentiated cell [160,161].
It is important to note that the conversion process can be
indirect if the satellite cell or myoblast does not express
key markers of differentiation and therefore is not truly
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differentiated at the time of the conversion [156,157].
Discoveries in mouse satellite and myogenic cell studies
have generated research on satellite and myogenic cell
developmental potentials in domestic animals. Recent
in vitro studies indicate that satellite cells from several
species, including several domestic species, are multi-
potent cells that can undergo myogenic, adipogenic, and
even osteogenic differentiation [162–165]. In these stud-
ies there is no evidence of transdifferentiation of satellite
cells, since myogenic markers were apparently not
evaluated, and myotubes were absent in satellite cell cul-
tures exposed to adipocyte- or osteocyte-inducing media
[162–165]. Regardless, the differentiation of satellite
cells to adipocytes was dependent on the addition of
thiazolidinediones and was associated with the expres-
sion of adipocyte markers and PPAR� and/or C/EBP�
expression. These markers were consistently absent from
satellite cells in non-adipogenic media even with rosigli-
tazone treatment [163].

The influence of muscle per se on adipose conversion
of rat satellite cells was examined in cells isolated from
several muscles including the soleus, tibialis anterior,
and quadriceps muscles [165]. The adipogenic poten-
tial of satellite cells was positively correlated with type I
myofiber distribution in the muscle of origin as judged by
lipid and C/EBP�-staining. These results demonstrated
that the potential of satellite cells to become adipocyte-
like is dependent on the muscle of origin [165]. Possibly,
blood flow may potentiate or augment muscle-dependent
satellite cell adipogenesis, since capillary number per
muscle fiber is also positively correlated with type I
myofiber distribution.

Aging was shown to markedly increase the adi-
pogenic potential of myoblasts [158,159]. Myoblasts
isolated from mouse skeletal muscle at 8 and 23
months of age demonstrated that only myoblasts
from 23-month-old mice differentiated into adipocytes
[158,159]. Adipocyte conversion was associated with
increased expression of C/EBP� and PPAR� 2 which
appeared to be regulated by phosphorylation, being
more highly phosphorylated in myoblasts isolated from
younger animals [159]. Despite adipogenic gene expres-
sion, myogenic gene expression was not repressed in
myoblasts from aged animals. Furthermore, aging stud-
ies and studies of myoblasts from Wnt10b null mice
indicated that the balance between myogenic and adi-
pogenic potential in myoblasts may be controlled by Wnt
signaling [158,159]. Possibly, aging and Wnt signaling

are also involved in dictating the adipogenic potential of
satellite cells.

Several studies demonstrate the pivotal role of
PPAR� in adipose differentiation of myogenic cells.
docrinology 36 (2009) 111–126

For instance, the ability of porcine PPAR� to stim-
ulate transdifferentiation of myoblasts to adipocytes
was examined by overexpressing wild-type PPAR�
or mutated PPAR� (serine 112 was mutated to ala-
nine) in mouse C2C12 myoblast cells [166]. The
expression of several adipogenic marker genes was
increased in cells overexpressing mutated porcine
PPAR�. Furthermore, both wild-type and mutant
porcine PPAR�-expressing myoblasts differentiated into
adipocytes after PPAR� ligand treatment. The expres-
sion of several myogenic marker genes was suppressed
in PPAR� transfected cells suggesting that porcine
PPAR� can convert myoblast cells into adipocytes
[166]. Similarly, transient transfection of PPAR� and
C/EBP� induced adipogenic differentiation of fetal
myoblasts in a PPAR� ligand dependent manner
[167].

A conventional collagenase-based procedure was
modified to culture muscle stromal-vascular (SV) cells
from neonatal porcine muscle after the removal of
all visible connective tissue from the excised muscle
[168,169]. Although not designed to specifically isolate
and study satellite/myogenic cells per se, these studies
provide insight on the influence of thiazolidinediones on
myogenic cell fate in true co-cultures of preadipocytes
and myogenic cells. For instance, both myotubes and
preadipocytes differentiated in muscle SV cell cul-
tures on laminin substrata following seeding and plating
with fetal bovine serum [169]. Myotube number was
much higher on laminin substrata compared with sev-
eral other substrata, whereas adipogenesis/preadipocyte
number in muscle SV cell cultures was independent of
substrata [169]. Troglitazone treatment increased adi-
pogenesis and PPAR� immunoreactivity but did not
influence myogenesis, suggesting that myogenic cells
were not recruited or transdifferentiated to adipocytes
[170]. For instance, double staining for lipid and a
myoblast/myotube surface marker and a preadipocyte
surface marker on companion laminin-coated dishes
clearly showed that, after troglitazone treatment, lipid
and PPAR� staining was restricted to preadipocytes with
no staining in myoblasts/myotubes. It should be noted
that troglitazone treatment did not increase preadipocyte
size in muscle SV cell cultures [170]. Myogenic/satellite
cells are probably a significant proportion of the mus-
cle SV cells, since studies of semitendinosus muscle
cells indicate that the majority of myogenic cells in
muscle from 1-week-old pigs are satellite cells [171].

In that regard, these studies [168,169] show that the
local milieu or environment may influence transdif-
ferentiation or adipose conversion of porcine satellite
cells.
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. Nerves and satellite cells

It is well known that denervation results in progressive
keletal muscle atrophy, although the direct and indirect
echanisms of neural influence on satellite cell activities

ave not been well established. During acute denervation
f muscle, the percentage of satellite cells increases, indi-
ating a potential phase of rapid proliferation during the
rst week after injury. However, a prolonged denervation

eads to a significant decline in satellite cell numbers
o less than one fifth of the normal control [172,173].
atellite cell depletion in long-term denervation may
esult from a decreased potential in cell mitotic activ-
ty as well as an accelerated rate of apoptosis. Kuschel
t al. reported that PCNA+ satellite cells were found
n isolated myofibers from normal and 4 days post-
enervation adult rat muscle but not on myofibers from
enervated muscle for 1 week or longer, implying that
ong-term denervation may cause satellite cells to lose
heir capability to enter the mitotic cycle [147]. Another
tudy showed that high levels of MRF4 protein were
etected in satellite cell nuclei of muscles denervated
or 2–3 days but that no detectable signals were found in
njured samples by 14 days or longer [174]. Satellite cells
erived from muscle 6 and 10 weeks after nerve tran-
ection demonstrated a nearly two-fold increase in the
ate of apoptosis compared to control cells from inner-
ated muscle [175]. Evidence of direct neural impacts
n satellite cells is limited but appears to involve neu-
otrophic factors such as nerve growth factor (NGF) and
rain-derived neurotrophic factor (BDNF) in the regu-
ation of satellite cell activities. Muscle-derived stem
ells directly exposed to NGF stimulation exhibit sig-
ificantly reduced differentiation ability in vitro [176].
DNF and its receptor p75NTR co-localize in satellite
ells, and the expression of BDNF is reduced dramati-
ally during myogenic differentiation. The repression of
NDF and p75NTR expression in cultured satellite cells

ignificantly enhances cell differentiation [177]. Taken
ogether, these data support roles for neural regulation of
atellite cell behavior, which may involve both direct and
ndirect mechanisms of action. However, information is
on-existent in agriculturally important species.

0. Implications

The extrinsic regulation of satellite cells remains an
rea of research that produces potentially useful knowl-

dge for a variety of disciplines. While experiments have
anged from assessing satellite cell populations for stem
ell-like activity to using defined systems to document
he cellular or molecular mechanisms of growth reg-
docrinology 36 (2009) 111–126 121

ulator action, it is common to find some reference to
the extrinsic regulation of the cells in nearly all papers.
From a meat animal perspective, two issues are relevant
with respect to this line of research. First, an accept-
able regimen might be devised to increase the activity of
myogenic satellite cells during the rapid growth phase,
thereby increasing the efficiency of lean meat produc-
tion. Second, as satellite cells have been shown to
undergo transdifferentiation to form other types of cells,
a treatment option might be devised to regulate satellite
cell activity during the finishing phase to increase the
number of intramuscular adipocytes. Knowledge of the
extrinsic regulation of myogenic satellite cells is the first
step towards a positive outcome of these two goals.
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